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Neuronal intranuclear inclusions (NIIs) are a patho-
logical hallmark of CAG repeat diseases. To elucidate
the influence of NII formation on intranuclear sub-
structures, we investigated the relationship of NIIs
with nuclear bodies in brains of dentatorubral-pal-
lidoluysian atrophy and Machado-Joseph disease. In
both diseases, promyelocytic leukemia protein, a ma-
jor component of the promyelocytic leukemia pro-
tein nuclear bodies, altered the normal distribution
and was rearranged around NII, forming a single cap-
sular structure. We further demonstrated that NIIs
were present in close contact with coiled bodies, a
highly dynamic domain that may be involved in the
biogenesis of small nuclear ribonucleoproteins. The
preferential association of intranuclear polyglu-
tamine aggregates with coiled bodies was also con-
firmed in the dentatorubral-pallidoluysian atrophy
transgenic mouse brain and culture cells expressing
mutant atrophin-1. The results suggest that the inter-
action between NIIs and nuclear bodies may play a
role in the pathogenesis of CAG repeat diseases. (Am
J Pathol 2001, 159:1785-1795)

It has been shown that the expansion of a CAG repeat
encoding a polyglutamine (polyQ) tract is the causative
mutation in at least eight neurodegenerative disorders,
including Huntington’s disease, dentatorubral-pallidoluy-
sian atrophy (DRPLA), and Machado-Joseph disease
(MJD)." Recently, with the exception of spinocerebellar
ataxia type 6, the occurrence of neuronal intranuclear
inclusions (Nlls) has been identified in the CAG repeat
diseases,? ® and in transgenic animal models.®~'* Be-
cause Nlls contain antigenicity of the causative gene
products and expanded polyQ stretches, it is thought
that these inclusions are a common hallmark of the polyQ
diseases,' and may be closely related to the disease
pathogenesis. The use of in vitro transient expression
systems has revealed that the expression of truncated

proteins containing the expanded polyQ stretches results
in the formation of aggregate bodies and causes cell
apoptosis.®”# 1516 The NIl formation itself may be a cel-
lular reaction to reduce the toxic effect of mutant proteins;
1719 however, an in vitro study®® and our recent in vitro
and in vivo studies®'?? have shown the recruitment of
transcription factors such as TAF,130 (TATA-binding
protein-associated factor), CREB (cAMP-responsive ele-
ment-binding protein), and CBP (CREB-binding protein)
into an intranuclear aggregation of polyQ, suggesting
that transcriptional abnormalities may be induced sec-
ondarily by NIl formation, thus leading to cell death.
Another concern about the pathogenesis of CAG re-
peat diseases is the influence of NIl formation on intranu-
clear structures. A recent in vitro study has indicated that
large intranuclear aggregates, induced by mutant
ataxin-1, sequester promyelocytic leukemia protein
(PML) nuclear bodies and alter their normal nuclear dis-
tribution.® The expression of mutant ataxin-3 in cultured
cells also demonstrates the co-localization of intranuclear
aggregates and PML nuclear bodies.?® PML is a nuclear-
matrix-associated protein and a component of PML nu-
clear bodies.?*?% A typical mammalian nucleus has 10 to
20 PML nuclear bodies, which vary in size from 0.3 to 1
wm and are thought to be involved in growth regulation,
transcriptional regulation, and apoptosis.?*~2° Thus, the
culture-based experiments suggest that in CAG repeat
diseases, the alteration of intranuclear organizations may
be induced by inclusion formation, which leads to nuclear
dysfunction. To elucidate the effect of NIl formation on
intranuclear structures in human brains, in the present
study we investigated the distribution of the PML nuclear
body and the coiled body, the two most prominent sub-
types of nuclear bodies.?” We show that in both DRPLA
and MJD brains, PML reorganizes a specific structure
around NIl with a unique distribution pattern that has not
been observed in previous in vitro studies. In addition,
this study is the first to report that Nlls may be found in
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contact with coiled bodies. The interaction between
coiled bodies and intranuclear aggregates is also con-
firmed in the brains of DRPLA transgenic mice and an in
vitro study. The present study clarifies the significant
nuclear events involved in the formation of Nlls, which
may play a pivotal role in the pathological mechanisms of
CAG repeat diseases in the human brain.

Materials and Methods

Human Materials and DRPLA Transgenic Mice

Brains obtained at autopsy from a patient with MJD (fe-
male, Q83, age 32 years), a patient with DRPLA (female,
Q59, age 79 years), and seven controls (ages 65 to 83
years; mean, 73.4 years) served as the materials for the
present study. We also examined the brains of transgenic
mice harboring a single copy of a full-length human mu-
tant DRPLA gene with 129 CAG repeats.?® Because the
occurrence of ubiquitinated Nlls has been detected in
mice after 9 weeks of age, for the present study we
examined the cerebral cortex of mice at 14 weeks of age.

Immunohistochemistry

Tissue fragments of the pontine nuclei from each human
brain were obtained at autopsy, quick-frozen in cold iso-
pentane, and kept in a deep freezer until use. Cryostat
sections (8-um thick) were made from the frozen materi-
als, fixed with cold acetone (—20°C) for 7 minutes, and
immunostained by the avidin-biotin-peroxidase complex
(ABC) method with a Vectastain ABC kit (Vector Labora-
tories, Burlingame, CA), using either a rabbit antibody
against ubiquitin (1:800), c-Jun (1:2000), c-Fos (1:2000),
Egr-1 (1:2000), Egr-2 (1:2000), or Egr-3 (1:2000) as a
primary antibody. Sections were incubated with the pri-
mary antibody for 18 hours at 4°C. Cryostat sections were
also immunostained with either a mouse monoclonal an-
tibody against PML (1:200) or SUMO-1 (1:200). With the
exception of the anti-ubiquitin antiserum, which was pur-
chased from Dakopatts (Glostrup, Denmark), the primary
antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Diaminobenzidine was used as the
chromogen. After immunostaining, the sections were
counterstained with hematoxylin. To investigate the inter-
action of NlIs with intranuclear structures, the cryostat
sections were subjected to double-immunofluorescence
staining. After incubation with 10% normal goat serum,
sections were incubated with a mixture of a rabbit anti-
body against PML (1:50; Medical & Biological Laborato-
ries, Nagoya, Japan) and a mouse monoclonal antibody
against ubiquitin (1:50; Chemicon, Temecula, CA) for 18
hours at 4°C. For double-immunofluorescence staining of
Nlls and coiled bodies, a rabbit antibody against PML
was replaced with a rabbit antibody against p80-coilin®®
(1:200; a gift from Dr. EK Chan, the Scripps Research
Institute, La Jolla, CA). After washing with phosphate-
buffered saline (PBS), the sections were incubated with a
mixture of fluorescein-conjugated goat anti-mouse 1gG
(1:40; Cappel, Durham, NC) and rhodamine-conjugated

goat anti-rabbit 1gG (1:40; Cappel) for 1 hour at room
temperature, and observed with the aid of a fluorescence
microscope. For negative controls, the primary antibody
was replaced with normal rabbit or mouse serum. A brain
was obtained from a DRPLA transgenic mouse (14 weeks
of age), which had been sacrificed by overdose inhala-
tion of ether. The cerebrum was cut coronally, and quick-
frozen in cold isopentane. Cryostat sections were made
from the frozen tissues and immunostained in the same
manner as the human material.

COS-7 Cell Transfection and
Immunocytochemistry

As described previously,® COS-7 cells were transfected
with a full-length or truncated DRPLA cDNA encoding 19
or 82 glutamine residues. At 48 hours after transfection,
cells were fixed with 4% paraformaldehyde in 0.1 mol/L
phosphate buffer (pH 7.4), permeabilized with 0.1% Tri-
ton X-100 in PBS, and then treated with 10% normal goat
serum to quench nonspecific staining. Double-immun-
ofluorescence staining was performed using a mixture of
mouse anti-FLAG M5 monoclonal antibody (1:400; East-
man Kodak, Rochester, NY) and rabbit anti-PML antibody
(1:200), or a mixture of mouse anti-FLAG M5 antibody
(1:400) and rabbit anti-p80-coilin antibody (1:200) for 18
hours at 4°C, followed by incubation with secondary an-
tibodies in the same manner as the double-immunofluo-
rescence staining of the human brain sections described
earlier.

Electron Microscopic Observation

For conventional electron microscopic examination, tis-
sue fragments of the pontine nuclei were obtained at
autopsy from a brain of a MJD patient, fixed in 3% glu-
taraldehyde-1% paraformaldehyde in 0.1 mol/L phos-
phate buffer, pH 7.4, postfixed in 1% osmium tetroxide,
dehydrated through a graded ethanol series, and em-
bedded in Epon 812 resin (Polysciences, Warrington,
PA). A DRPLA transgenic mouse was deeply anesthe-
tized by inhalation of ether, and then perfused transcar-
dially with PBS followed by 3% glutaraldehyde-1% para-
formaldehyde in 0.1 mol/L phosphate buffer, pH 7.4. After
perfusion, the brain was removed from the cranium and
immersed in the same fixative for a further 16 hours at
4°C. An age-matched nontransgenic mouse was pre-
pared in the same way. The cerebral cortices of the mice
were embedded in Epon 812 resin by the same method
as the human brain tissue. Ultrathin sections were made
from the tissue fragments, stained with uranyl acetate
and lead citrate, and examined with a Hitachi-7100 elec-
tron microscope (Hitachi, Hitachinaka-city, Japan).

For immunoelectron microscopy, tissue fragments of
the MJD pontine nuclei obtained at autopsy were fixed in
4% paraformaldehyde in 0.1 mol/L phosphate buffer, pH
7.4. A transgenic mouse was deeply anesthetized by
inhalation of ether, and then perfused transcardially with
the same fixative as was used to fix the human brain. The
cerebral cortex was dissected out and prepared for anal-



ysis. The tissue fragments were dehydrated in a graded
dimethylformamide series and embedded in LR White
resin (London Resin Company, Berkshire, UK). Ultrathin
sections were cut and mounted on nickel grids. After
incubation with 10% normal goat serum for 10 minutes,
the sections were incubated overnight at 4°C with a mix-
ture of a rabbit antibody against PML (1:400) and a
mouse monoclonal antibody against ubiquitin (1:50;
Chemicon), or a mixture of a rabbit antibody against
p80-coilin (1:200) and a mouse monoclonal antibody
against ubiquitin (1:50; Chemicon). After washing with
PBS, the sections were incubated with a mixture of a goat
anti-rabbit IgG conjugated to 15-nm gold particles and a
goat anti-mouse IgG conjugated to 10-nm gold particles
(1:30; British BioCell International, Cardiff, UK) for 30
minutes at room temperature. The sections were then
washed with PBS and incubated with 2% glutaraldehyde
in 0.1 mol/L of sodium cacodylate buffer, pH 7.4. After
washing with distilled water, the sections were stained
with uranyl acetate and lead citrate, and examined with a
Hitachi H-7100 electron microscope. For negative con-
trols, the primary antibody was replaced with normal
rabbit and mouse serum.

Results

Ubiquitinated Nlis in the Brains of MJD and
DRPLA Patients

To obtain the morphological details of Nlls, we investi-
gated the pontine nuclei of patients with MJD and DR-
PLA. In MJD, ubiquitinated Nlls were observed in 54.4%
of neurons. The number of Nlls per nucleus varied, and
the incidences of nuclei with a single, two (Figure 1a),
three (Figure 1b), or more than three Nlls was 25.3%,
783.4%, 0.6%, and 0.7%, respectively. In DRPLA, ubiqui-
tinated Nlls were observed in 8.5% of neurons, of which
the number of nuclei with one, two, or three Nlls was
67.6%, 30.9%, and 1.5%, respectively. The NlIs varied in
size from 0.8 t0 3.7 wm in MJD, and from 0.7 to 2.2 um in
DRPLA. NllIs were occasionally present in the vicinity of
the nucleoli. In the case of neurons with two Nlls per
nucleus, the inclusions frequently appeared as pairs or
doublets (70.3% in MJD and 71.5% in DRPLA, Figure 1a).

To assess the interaction of PML nuclear bodies with
Nlls in the human brain, we investigated immunohisto-
chemically the localization of small ubiquitin-related mod-
ifier (SUMO-1), which is one of the constituent proteins of
PML nuclear bodies.?* In the normal brain, a diffuse
distribution of SUMO-1 immunoreactivity was observed in
the neuronal nucleoplasm (data not shown). In MJD and
DRPLA brains, SUMO-1 immunoreactivity was co-local-
ized with Nlls and showed labeling patterns similar to that
of ubiquitin immunohistochemistry, including the occur-
rence of paired shapes (Figure 1c). SUMO-1-immunore-
active Nlls were observed in 56.3% and 2.8% of neurons
in MJD and DRPLA, respectively. We examined further
the interaction between transcription factors and Nlls,
and found that in both MJD and DRPLA, Nlls were in-
tensely immunopositive for c-Jun (Figure 1d) and weakly
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immunopositive for c-Fos (data not shown), but were
immunonegative for Egr-1, Egr-2, and Egr-3. In MJD and
DRPLA, c-Jun-positive Nlls were observed in 20.4% and
1.5% of neurons, respectively, and c-Fos-positive Nlls were
observed in 13.8% and 0.8% of neurons, respectively.

PML Nuclear Bodies in CAG Repeat Diseases,
DRPLA Transgenic Mice, and Cultured Cells
Transfected with DRPLA Protein with Expanded
PolyQ Stretches

PML immunoreactivity appeared in normal neurons as 8
to 18 nuclear dots, which varied in size from 0.2t0 0.8 um
(Figure 1e). In MJD and DRPLA brains, PML labeling was
rearranged in 47.1% and 11.0% of neurons, respectively,
and formed a single large body (Figure 1f), which varied
in size from 1.7 to 3.0 um and from 1.5 to 2.3 um,
respectively. Most of these large PML structures were
present solely in the neuronal nuclei; however, some
bodies coexisted with a few PML dots of normal size. In
neuronal nuclei that lacked the formation of large PML
structures, there were no remarkable changes in their
appearance and distribution. Double-immunofluores-
cence staining of MJD and DRPLA brains revealed that
the large PML structures were co-localized with ubiquiti-
nated Nlls (Figure 1; g, h, and i). In the case of the
single-type Nlls, the incidence of the co-localization was
as high as 94.4% in MJD and 83.9% in DRPLA. Interest-
ingly, in the case of neurons harboring more than one NI
per nucleus, the large PML structures were co-localized
with only one of the NllIs (Figure 1; i to I). In general, the
PML-immunolabeling was larger than the ubiquitin-label-
ing, and was accentuated in the peripheral region of the
Nlls, exhibiting a donut-like appearance.

We examined the PML nuclear bodies of neurons in
DRPLA transgenic mice carrying a single copy of a full-
length human mutant DRPLA gene with 129 CAG re-
peats.?® At 3 weeks of age these mice exhibited myo-
clonic movement. This was followed at up to 12 weeks of
age by rapid progression of ataxia, myoclonic movement,
and epilepsy; these animals all died by the age of 14 to
16 weeks. Neuropathologically, the brains showed pro-
gressive atrophy beginning as early as 4 weeks, but
disclosed no apparent loss of neurons in any central
nervous system (CNS) region until death. The occurrence
of ubiquitinated Nlls was first detectable at ~9 weeks of
age in restricted regions of the CNS such as the subtha-
lamic nucleus and the cerebellar nuclei. In the 14-week-
old mouse brain, ubiquitinated NlIs were present in a
single form, and appeared in more extensive regions of
the CNS including the cerebral cortex (layers II, Ill, 1V,
and VI), globus pallidus, thalamus, pontine nuclei, and
the brainstem tegmentum, showing similarities with the
pathology seen in human brains.® In normal cerebral
cortical neurons in 14-week-old mice, PML labeling ap-
peared as multiple small dots in each nucleus, measuring
from 0.3 to 0.6 wm in size, and scattered throughout the
nucleoplasm. In the DRPLA transgenic mouse brain, ce-
rebral cortical neurons lacking Nlls showed no change in
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Figure 1. Immunohistochemistry for ubiquitin, small ubiquitin-related modifier (SUMO-1), ¢-Jun, and PML. These photographs (a-1) were taken from neurons
in the pontine nuclei of a patient with MJD (a—d, f-i), a control case (e), and a patient with DRPLA (j-1). Ubiquitin labeling shows the presence of a doublet type
of NII in a neuron harboring two (a) or three (b) NIIs. SUMO-1 is co-localized on NIIs with weak labeling in the nucleoplasm (c). NIIs are intensely
immunopositive for c-Jun (d). PML labeling in neuronal nuclei appears as small intranuclear dots in control tissue (e), but as a large body in MJD (f).
Double-immunofluorescence staining with anti-ubiquitin (green color) and anti-PML (red color) antibodies reveals a neuron that contains a doublet type of
ubiquitinated NIIs (g), and large donut-shaped PML labeling (h) is co-localized on one of the paired NIIs (shown by yellow color in i) with a larger labeled area
around the NII. The restricted co-localization of PML labeling on one NII is seen in other neurons of MJD (j and k) and DRPLA (D) brains. In the cerebral cortical
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Figure 2. Ultrastructure of NIIs in the pontine nuclei of a MJD brain (a—e) and in the cerebral cortex of a DRPLA transgenic mouse (f). With the aid of a
conventional electron microscope (a—c), it appears that NIIs (arrows) are composed of a mixture of granular and filamentous structures. Large arrows in b and
¢ indicate NIIs with ring-like structures around their fibrillar cores. Neurons harboring two NlIs (b and ¢) show that a ring-like structure is formed around only
one of the two NlIs. Granulofibrillar bodies (arrowheads in a—c), which are morphologically identical to coiled bodies, are present in contact with NIls.
Double-immunogold-labeling (d and e) for ubiquitin (indicated by 15-nm gold particles) and PML (indicated by 10-nm gold particles) shows that PML is localized
in the marginal zone of NIIs (arrowheads in d) or on the ring-like structure around the NIIs (arrowheads in e). No PML labeling is seen on a NII (arrow) of

a DRPLA transgenic mouse (f). Scale bars, 200 nm.

the PML-labeling pattern. Most of the cortical neurons
harboring Nlls also retained the scattered pattern of PML
labeling (Figure 1, m and n), but the association of a few
PML dots was occasionally encountered around some
Nlls (Figure 1m). The large donut-like labeling of PML
seen in human brains was not observed in these young
mouse brains.

We examined the distribution of PML nuclear bodies in
COS-7 cells expressing mutant DRPLA protein. As ob-
served in our previous study,® the formation of aggregate
bodies was restricted to cells expressing truncated DR-
PLA protein with 82 glutamines, and observed mostly in
the perinuclear regions of the cytoplasm, and less fre-
quently in the nuclei. In cells lacking aggregate forma-
tion, PML nuclear bodies appeared as multiple intranu-
clear dots 0.3 to 1.1 um in size, and were scattered
throughout the nucleoplasm. In cells harboring intranu-
clear aggregates, PML nuclear bodies retained their mul-

tiple dot-like appearance, but some were recruited
around the aggregates (Figure 10). Cells with only cyto-
plasmic aggregates showed no apparent changes in the
distribution of PML nuclear bodies. The immunohisto-
chemical studies using human and mouse brains, as well
as cultured cells, revealed no positive staining in the
control tissue.

Localization of PML to the Ring-Like Structure
Surrounding Nils

To elucidate the precise localization of PML, we con-
ducted an ultrastructural analysis of the Nlls of a MJD
patient. Conventional electron microscopic examination
revealed that NlIs lacked a limiting membrane, were het-
erogeneous in composition, and contained a mixture of
granular and filamentous structures (Figure 2a). The fila-

Figure 1 continued.

neurons of a DRPLA transgenic mouse harboring a full-length human mutant DRPLA gene with 129 CAG repeats (m and n), a few small PML-
immunopositive dots are observed associated with NlIs. In a COS-7 cell that was cultured for 48 hours after transfection with a truncated DRPLA ¢cDNA
encoding 82 glutamine residues (0), intranuclear aggregates (arrows) are observed associated with some PML-immunopositive dots within the nucleus (red
color). Intracytoplasmic (arrowheads) and intranuclear (arrows) aggregates are shown as a green color, using anti-FLAG M5 antibody. Immunoperoxidase
(a—f) and double-immunofluorescence (g—0) methods. Scale bars, 10 wm. The scale bar in photograph a also applies to photographs b and d to m, and the
scale bar in photograph m also applies to photograph n.
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mentous composition was straight or slightly curved, ~12
to 15 nm in diameter, and usually organized in random,
but sometimes parallel arrays. Although we did not ob-
serve neuronal nuclei with more than two inclusions per
nucleus, nuclei with two Nlls were occasionally encoun-
tered when viewed with the aid of an electron micro-
scope. These twin-type Nlls were also composed of
granular and filamentous structures similar to those of the
single-type Nlls. Occasionally, Nlls were surrounded by
ring-like structures, which were basically composed of
granular materials and exhibited various appearances
from broad circles with an irregular and vague contour, to
a clear-ring architecture (Figure 2, b and c). Interestingly,
in the case of the nuclei harboring two inclusions per
nucleus, the formation of ring-like structures was re-
stricted to only one of the Nlls (Figure 2, b and c).
Electron microscopic immunohistochemistry using immu-
nogold labeling revealed that PML immunoreactivity was
present in both types of Nlls, those lacking or harboring
the ring-like structures. In the case of the former type,
labeling was scattered rather broadly at the marginal
region of the Nlls (Figure 2d). In the case of the latter,
however, PML labeling was more concentrated on the
ring architecture (Figure 2e). Ubiquitin immunoreactivity
was essentially present on the core structure of the Nlls,
and was rarely observed intermingled with PML labeling,
even in Nlls lacking a ring-like structure (Figure 2d).

We also examined ultrastructurally the Nlls of DRPLA
transgenic mice. Examination of semithin sections of ce-
rebral cortical layers Il and Il of these mice showed that
Nlls were formed in 50.8% of neurons, and neurons har-
boring Nlls had many indentations in the nuclear mem-
brane. Cerebral cortical neurons of a nontransgenic
mouse brain exhibited mostly smooth-surfaced, round
nuclei that lacked any inclusions. Ultrastructural exami-
nation showed that Nlls in DRPLA transgenic mice were
solitary, nonmembrane-bound, and varied in size from
1.21t0 2.2 um. Nlls were relatively homogeneous in com-
position and composed mainly of fibrous structures,
which were fundamentally straight, ~9 to 12 nm in diam-
eter, and organized in random arrays. The ring-like struc-
tures seen around the Nlls of the MJD brain were not
observed in DRPLA transgenic mice. No labeling for PML
protein was detected on or around Nlls (Figure 2f), as
revealed using immunoelectron microscopy.

Close Association of Nils with p80-Coilin-
Immunopositive Structures

To clarify the interaction of Nlls with intranuclear struc-
tures, we investigated further, immunohistochemically,
the localization of p80-coilin, a constituent protein of
coiled bodies,*° in MJD and DRPLA brains. In the neu-
ronal nuclei of normal human brains, p80-coilin immuno-
reactivity appeared as dots measuring up to 1.7 um.
Most neurons showed the presence of a single coiled
body in a nucleus (Figure 3a), but some had a few or
more smaller coiled bodies per nucleus (Figure 3b). In
the MJD brain, no apparent changes were observed in

the distribution and sizes of p80-coilin labeling; however,
some neuronal nuclei showed paired immunolabeling
(Figure 3c) similar to that observed with ubiquitin immu-
nohistochemistry. Double-immunofluorescence studies
revealed that most of the ubiquitinated Nlls were distinct
from structures positive for p80-coilin, but both were
present in close contact with each other (Figure 3; d to g).
This relationship was also confirmed in the DRPLA human
brain (Figure 3, h and i). In the case of the single-type
Nlls, the incidence of the adjoining of Nlls and coiled
bodies was 76.7% in MJD and 83.3% in DRPLA. The rest
of the single-type NlIs mostly lacked p80-coilin labeling in
any nuclear regions of the examined section. When ob-
served with the aid of fluorescence microscopy, most of
the paired Nlls were associated with one or more coiled
bodies (Figure 3, f and g). In some nuclei, p80-coilin lost
its normal dot-like distribution, and was co-localized with
ubiquitinated NllIs (Figure 3; j, k, and I). Contacts or partial
co-localization of Nlls with p80-coilin labeling were also
observed in the cerebral cortical neurons of DRPLA
transgenic mice (Figure 3, m and n), with the incidence
reaching as high as 93.1% of Nlls. Labeling for p80-coilin
appeared as a few dots (~1.1 um) in most of neuronal
nuclei, and there were no apparent changes between
normal and transgenic mice in the size and distribution of
the labeled structures. In COS-7 cells, p80-coilin-labeling
appeared as a few discrete round dots measuring from
0.4 to 1.0 wm. Although there were no apparent differ-
ences in the size and distribution of coiled bodies be-
tween cells harboring or lacking the aggregates of mu-
tant protein, intranuclear aggregates were frequently
associated with p80-coilin-positive structures (Figure 30).

Association of NlIs with Coiled Bodies

To elucidate the morphology of p80-coilin-immunoposi-
tive dots in neuronal nuclei, we subjected Nlls in the MJD
prain to immunoelectron microscopic observation. Immu-
nogold labeling for p80-coilin was localized on granulo-
fibrillar structures (Figure 4; a, b, and c¢) that were round
to oval in shape, measured from 0.5 to 1.0 um in diam-
eter, and corresponded morphologically to the coiled
body.®"3? These labeled structures were present in con-
tact with Nlls (Figure 4a), and were occasionally posi-
tioned between two NlIs (Figure 4, b and c). The associ-
ation of Nlls with coiled bodies was observed frequently,
even when viewed using conventional electron micros-
copy (Figure 2; a, b, and c, arrowheads).

We investigated further the relationship between Nlls
and coiled bodies in the cerebral cortical neurons of
DRPLA transgenic mice. The association between granu-
lofibrillar bodies and Nlls was encountered frequently
when viewed with the aid of an electron microscope
(Figure 4d), and the incidence reached as high as 77.8%
of NIl sections (n = 126). The morphology of the granu-
lofibrillar bodies was consistent with that of coiled bodies,
and the size varied, probably because of the level at
which the bodies were sectioned, reaching up to 0.9 um
in diameter. The bodies possessed radially oriented fila-
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Figure 3. Immunohistochemistry for ubiquitin and p80-coilin, a specific marker of coiled bodies. These photographs (a—1) were taken from neurons in the pontine
nuclei of MJD (a—g, j-1) and DRPLA (h and i) brains. Coilin labeling appears in neuronal nuclei as small round bodies of various sizes (a and b), and rarely shows
NIlI-like appearance as larger bodies (¢). Double-immunofluorescence staining with anti-ubiquitin and anti-p80-coilin antibodies reveals that ubiquitinated NIIs
(green color in d) and coiled bodies (red color in e, indicated by arrowheads) are present in a nucleus in association with each other (f). The association between
NIIs and coiled bodies is seen in other neurons of MJD (g) and DRPLA (h and i) brains. A rare case of co-localization of p80-coilin on NIIs is shown in photographs
j (NIIs), k (p80-coilin), and 1 (shown in a yellow color by merged image). The association between NlIs and coiled bodies is also seen in the cerebral cortical
neurons of a DRPLA transgenic mouse (m and n). In a COS-7 cell transfected with a truncated DRPLA ¢cDNA encoding 82 glutamine residues (0), a group of
intranuclear aggregates (arrow) is present in contact with a coiled body. Aggregates occur within the nucleus and the cytoplasm (arrowhead) and are shown
in a green color, using anti-FLAG M5 antibody. The granular labeling observed in the cytoplasm (e-1) is autofluorescence by lipofuscin granule. Immunoper-
oxidase (a—c) and double-immunofluorescence (d—o0) methods. Scale bars, 10 um. The scale bar in photograph a also applies to photographs b to 1, and the scale
bar in photograph m also applies to photographs n and o.
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Figure 4. Ultrastructure of NlIs in the pontine nuclei of a MJD brain (a—c) and in the cerebral cortex of a DRPLA transgenic mouse (d—f). Double-immunogold labeling
(a—c) for ubiquitin (indicated by 15-nm gold particles) and p80-coilin (indicated by 10-nm gold particles, small arrowheads) shows that the p80-coilin-labeled structure
is the coiled body (large arrowhead), which is present in contact with one or two NlIs (arrows). Two cerebral cortical neurons in a DRPLA transgenic mouse show
the presence of a single NII (arrows) that is associated with an electron-dense body (arrowheads). Photograph e shows that the electron-dense body (arrowhead)
is a granulofibrillar body that is morphologically identical to the coiled body, and a NII (arrow) that is connected to the coiled body by filamentous structures. The
immunogold method indicates that the granulofibrillar body is positive for p80-coilin, as indicated by the 10-nm gold particles (). Scale bars, 200 nm.

ments around the granulofibrillar core, and Nlls were
connected with these filamentous structures (Figure 4e).
Electron microscopic immunohistochemistry confirmed
the granulofibrillar cores to be positive for p80-coilin (Fig-
ure 4f). In the neuronal nuclei of nontransgenic mouse
brains, the granulofibrillar bodies were encountered in
11.1% of nucleus sections. No apparent differences were
observed in the size and appearance of granulofibrillar
bodies, including the surrounding filaments, between the
transgenic and nontransgenic mice.

Discussion

The results of the present study indicate that at least two
subnuclear structures are commonly but distinctly in-
volved in NIl formation in both DRPLA and MJD. The
immunohistochemical analyses showed that in neuronal
nuclei harboring Nlls, PML proteins altered their normal
distribution and were rearranged around NllIs, giving
them a donut-like appearance. This rearrangement is in
accordance with the results of in vitro studies in which the
expression of mutant ataxin-12 or ataxin-322 was investi-
gated. In these studies, PML nuclear bodies were ob-
served to have been recruited on the large intranuclear

aggregates of mutant proteins. It is possible that this
structural change causes certain nuclear dysfunctions
that result in cell death. The present immunoelectron
microscope study, however, disclosed that the antigenic-
ity of PML protein is localized on fibrillar ring-like struc-
tures around Nlls. In the case of NlIs lacking the fibrillar
ring, PML labeling was distributed in a circular manner, at
the periphery of Nlls. In typical PML nuclear bodies of
normal cells, PML protein is specific for a dense fibrillar
ring surrounding a central core, or for a filamentous com-
ponent at the margin of nuclear bodies.®32* Thus, we
think that the donut-like labeling of PML around Nlls does
not represent merely aggregates of PML nuclear bodies,
but rather may be a specific structure that has been
actively reorganized by PML in retaining the original na-
ture of PML distribution. In contrast to human brains, the
donut-like PML rearrangement was not observed in DR-
PLA transgenic mice or culture experiments. Considering
the short period of time after the formation of the aggre-
gates in the mouse brain and cultured cells, PML remod-
eling may be time consuming. Recent studies have indi-
cated that PML nuclear bodies are involved in the
proteasome-mediated degradation of ubiquitinated pro-
teins.®® It has also been reported that PML contains a



RING-finger domain,®® which can act as a ubiquitin-pro-
tein ligase (E3) targeting proteins for degradation.36-2”
Thus, the concentration of PML around Nlls may suggest
that PML is actively participating in the degradation of
Nlls through the physiological ubiquitin-proteasome
pathway, rather than being recruited by Nlls.

It is interesting that in the present study PML was
concentrated on one NIl per nucleus, even when more
than one ubiquitinated NIl was present in a nucleus. This
predilection was not observed in previous culture exper-
iments forming multiple intranuclear aggregates of mu-
tant proteins.®?3 As disclosed by the ultrastructural
study, NllIs were heterogeneous in composition. There-
fore, a certain specific type of NIl may be present in each
nucleus, which in turn may be related to the predilection
of PML for a particular NII, although we were unable to
describe the morphological features common to the Nlls
that were associated with PML. Alternatively, the concen-
tration of PML may depend on the order of NIl formation.
From our results, we speculate that most of the PMLs are
concentrated in the first NIl that is formed in a nucleus. In
other words, the formation of the first NIl within a nucleus
might exert a certain influence on the subsequent distri-
bution of PML and bring about the accumulation of the
protein to itself, even when another NIl has been formed.
At present, it remains to be demonstrated whether in
human brain pathology more than one NIl is formed
simultaneously in a nucleus from the beginning. How-
ever, we have shown that in DRPLA transgenic mice
single NIl formation is an essential event in the brain
during at least the period from ~9 weeks (an initial stage
of NIl formation) up to 16 weeks (maximal survival time of
the mice) of age.

In contrast to PML, SUMO-1 was distributed preva-
lently among Nlls. SUMO-1 is a protein with a ubiquitin-
homology domain, and it covalently modifies specific
nuclear proteins such as PML and Sp100, another PML
nuclear body-associated protein.®® This modification by
SUMO-1 (sumoylation) has been proposed to play a role
in directing the proteins to specific subnuclear compart-
ments such as PML nuclear bodies, rather than targeting
them to proteasomal degradation.®® This implicates a
role for SUMO-1 in the compartmentalization of certain
proteins into NllIs. Alternatively, SUMO-1 may function in
protecting specific proteins from degradation at Nlls. As
indicated in recent studies,?'221°41 several transcription
factors such as CBP and p53 are recruited into intranu-
clear inclusions. The present study also demonstrated
the co-localization of c-Jun and c-Fos in Nlls. The fact
that p53 and c-Jun are targets of ubiquitin and are also
substrates for SUMO-1 that enable it to avoid ubiquitina-
tion,** may suggest that SUMO-1 plays a role in protein
stability in Nlls. It is likely, however, that the recruitment of
many kinds of nuclear proteins into Nlls leads to gradual
nuclear dysfunction, eventually resulting in neuronal at-
rophy or degeneration.

Another striking feature revealed by the present study
is the close association between NlIs with coiled bodies.
This association was observed in DRPLA and MJD
brains, DRPLA transgenic mouse brains, and cultured
cells, forming intranuclear aggregates with mutant DR-
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PLA protein. The common occurrence of this phenome-
non among different diseases suggests that the contact
is dependent on the expanded polyQ stretches within the
causative DRPLA protein or ataxin-3. Ultrastructurally,
Nlls and coiled bodies were observed either in direct
contact with each other or connected to each other by
filamentous structures (Figure 4e). The molecular basis of
this interaction is a matter of interest; however, it is un-
likely that p80-coilin mediates this connection, because
the molecule does not contain any clearly recognizable
peptide motifs*3~*° or polyQ domains, the latter of which
have the potential to interact with mutant extended
polyQ.2° Electron microscopic immunohistochemistry for
p80-coilin also failed to label either the connecting fila-
ments or the Nlls. Between proteins contained in coiled
bodies,?”*® TATA-binding protein may be one of the
candidates involved in the connection, because TATA-
binding protein contains a particularly long polyQ stretch
and is recruited in the Nlls of DRPLA and MJD brains.?’
The function of coiled bodies is not fully understood.
They contain small nuclear ribonucleoprotein particles,
which are involved in splicing, and recent studies have
suggested that these structures play a role in small nu-
clear ribonucleoprotein particle biogenesis.?>?” The
coiled body is a highly dynamic structure that undergoes
assembly and disassembly during the cell cycle, the
number of changes being related to cell growth and gene
expression level.?>47 Although in the present study the
coiled bodies showed no apparent changes in their mor-
phology and distribution, it is possible that their close
interaction with Nlls may result indirectly in alterations in
the function of coiled bodies. It is feasible that because of
their relatively large size, Nlis interfere with the motility of
coiled bodies.”® This interference may extend to the inti-
mate relationship between the coiled body and the nu-
cleoli.?>2” To elucidate the mechanisms that underlie
neuronal cell death in CAG repeat diseases, it is now
necessary to explore how the association between Nlls
and coiled bodies affects the function of the latter. Aside
from the influence of Nlls, the preferential association
between Nlls and coiled bodies may explain the reason
why Nlls are frequently present in paired or doublet form
when more than one NIl is present in a nucleus. As
revealed by electron microscopy, coiled bodies were
frequently observed sandwiched between two Nllis.
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